The objectives of this systematic review was to evaluate the effects of respiratory muscle training (RMT) on respiratory muscle endurance (RME) and to determine the RME test that demonstrates the most consistent changes after RMT. Electronic searches were conducted in EMBASE, MEDLINE, COCHRANE CENTRAL, CINHAL and SPORTDiscus. The PEDro scale was used for quality assessment and meta-analysis were performed to compare effect sizes of different RME tests. Twenty studies met the inclusion criteria. Isocapnic hyperpnea training was performed in 40% of the studies. Meta-analysis showed that RMT improves RME in athletes (P ¼ 0.0007) and non-athletes (P ¼ 0.001). Subgroup analysis showed differences among tests; maximal sustainable ventilatory capacity (MSVC) and maximal sustainable threshold loading tests demonstrated significant improvement after RMT (P ¼ 0.007; P ¼ 0.003 respectively) compared to the maximal voluntary ventilation (MVV) (P ¼ 0.11) in athletes whereas significant improvement after RMT was only shown by MSVC in non-athletes. The effect size of MSVC was greater compared to MVV in studies that performed both tests. The meta-analysis results provide evidence that RMT improves RME in athletes and non-athletes and tests that examine endurance over several minutes (eg. MSVC) are more sensitive to improvement after RMT than the shorter MVV.
Introduction
Respiratory muscle endurance (RME) has been evaluated over the years in a wide range of patient populations such as spinal cord injury (Silva, Neder & Chiurciu, 2000) chronic obstructive pulmonary disease (COPD) (Dias et al., 2013; Weiner et al., 2003) , myasthenia gravis (Rassler et al., 2011) , as well as in healthy individuals (Bell et al., 2013; Johnson, Cowley, & Kinnear, 1997; Johnson, Sharpe, & Brown, 2007; Spengler et al., 1999) . This evaluation has been used as an outcome measurement following different treatment interventions and to determine normative values for respiratory muscle performance (Fischer et al., 2014; Fiz et al., 1998; Kroff & Terblanche, 2010; Verges, Boutellier, & Spengler, 2008) . However, a variety of tests have been used to evaluate RME with some studies reporting conflicting results. This difference is partially attributable to very diverse outcomes and their respective interpretations. Hence, it is essential to standardize RME tests in order to derive more ready comparisons. Leith and Bradley (1976) evaluated RME by examining the time to exhaustion during a partial rebreathing method and termed this maneuver the "sustained ventilatory capacity". In a different approach, Nickerson and Keens (1982) developed a test that required sustaining a threshold inspiratory pressure termed the maximal sustainable threshold loading test. The measure required less apparatus and did not require high flow rates, which facilitated comparisons between those with airflow limitation versus healthy subjects. This test was later modified to an incremental threshold test devised by McElvaney et al. (1989) whereby subjects started at a low load and weights were added at two-minute intervals until task failure. Some investigators also used the maximal voluntary ventilation (MVV) as a RME measure; however, it is questionable whether such a short duration test is reflective of RME (ATS, 2002; Driller & Panton, 2012; Freedman, 1970) . 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 Closer scrutiny reveals that the assortment of tests used to evaluate RME require different metabolic demands (Bradley & Leith, 1978; Nickerson & Keens, 1982) , distinctive recruitment patterns of motor units (ATS, 2002) , and diverse activation of synergistic muscle groups. The maximal sustained ventilator capacity (MSVC) evaluates the endurance of inspiratory and expiratory muscles over several minutes and requires relatively low pressures and high speeds of muscle shortening. Because of these demands, it mimics ventilatory requirements during aerobic whole body exercise in healthy people. The MVV, used in several RMT clinical trials is a ventilatory sprint that requires high velocity, unloaded inspiratory and expiratory muscle contractions for a very short duration (i.e., 12 or 15 s). Due to the shorter duration of the MVV, its energy demands are likely met by intramuscular ATP and PCr rather than anaerobic and aerobic energy sources required for longer duration tests that last several minutes (McArdle, Katch & Katch, 2001 ). Alternatively, some endurance tests apply external loads such as the maximal sustainable threshold loading and maximal incremental threshold loading tests; these require higher pressures and lower velocities of shortening than the MSVC (ATS, 2002) . The differences in the tests durations, amount of loading and contraction velocities emphasize the importance of task specificity, such that the RME test chosen should consider the population being studied and the ventilatory demands of the physical activity targeted. Ideally, the RME test and RMT should match the ventilatory and muscle recruitment demands of the target exercise or physical activity for optimal benefits.
Besides the different demands of the RME tests, equipment can also vary considerably. Non-standardized devices are used to measure endurance and ensure isocapnia. Over time, different devices were constructed to measure test variables such as gas concentrations, flow rates, pressures and minute ventilation (Bradley & Leith, 1978; Fairbarn et al., 1991; Holm, Sattler, & Fregosi, 2004; Leith & Bradley, 1976; Nickerson & Keens, 1982) . The American Thoracic Society (ATS) (2002) highlights the lack of standardized equipment for the evaluation of RME; however, they list several essential issues to ensure their reliability of these devices.
Unremitting interest in RMT continues because evidence points to a link between respiratory muscle fatigue and performance during exercise and rehabilitation (Enright & Unnithan, 2011; Gething, Williams, & Davies, 2004; HajGhanbari et al., 2013; Mancini et al., 1994; McConnell & Romer, 2004; McMahon et al., 2002; Vogiatzis & Zakynthinos, 2012) . Thus, major outcomes evaluating the effects of RMT are RME and sports performance (Bell et al., 2013; Enright & Unnithan, 2011; Gething et al., 2004) . However, whether RMT affects exercise performance is equivocal (McConnell & Romer, 2004) . HajGhanbari et al. (2013) concluded, after analyzing 21 articles in their systematic review, that RMT can improve sports performance and respiratory muscle endurance and strength. The improvement in a particular sport, however, may depend on how closely RMT matches the specificity of training for each sport category. Thus, standardizing techniques for the evaluation of RME is crucial to determine accuracy and comparability of results obtained in clinical trials.
Several types of endurance tests have been performed to determine the efficacy of RMT in healthy individuals, athletes and clinical populations. The considerable differences in recruitment patterns, energy/metabolic systems, and apparatuses associated with these tests may contribute to the disparity of study outcomes that evaluate RME after RMT. Accordingly, the purpose of this systematic review was to assess: a) the effects of RMT on RME, b) the type of RME test that can show the most consistent changes after RMT in athletes and non-athletes; c) the agreement of RME test methodology to that recommended by ATS (2002) and d) if the type of RMT influences RME test outcomes in athletes and nonathletes.
Methods

Search strategy
Electronic searches were performed on the following databases: MEDLINE, EMBASE, CINAHL, Cochrane Central Register of controlled trials and SPORTdiscus from their inception to February 7, 2014. Two concepts were combined for the search strategy (using the Boolean operator "and"): (1) RME test used the terms "endurance", "respiratory muscles", "training", "test", or "maximal voluntary ventilation"; (2) RMT used the terms "training", "inspiratory", "expiratory", "ventilatory", "hyperpnea", "endurance", "strength", "respiratory muscles", "Powerlung", "Spirotiger" or "Powerbreathe". Different terms within each of these concepts were combined with the Boolean operator "or". The terms were modified according to the requirements of each database.
Study criteria and data abstraction
Studies were included if: a) participants were athletes (elite or recreational levels) or non-athletes, healthy; and young adults as defined by !18 and 46 years old; b) any type of RMT (inspiratory, expiratory or both) was performed; c) it was a randomized controlled trial (RCT) design; d) RME measures were reported pre and post training; e) full text was available and f) the articles were published in English. The first author (ATNS) reviewed all titles and abstracts to determine whether they met the inclusion criteria. A second reviewer (AR, JAG, WDR) independently reviewed the citations to determine consensus on their inclusion. Any disagreements were discussed with one reviewer (AR) to determine their inclusion. Full text articles were retrieved for review if articles showed potential for inclusion or if there was insufficient information in the abstract and title to make a decision about inclusion. Inclusion of full-text articles was determined independently by two reviewers and any disagreements were discussed until consensus was reached. The flow chart outlining the search strategy, screening and included articles is presented in Fig. 1 .
Data abstraction was performed by two reviewers using standardized forms that included information about study citation, description of participants, inclusion and exclusion criteria, study design, descriptions of interventions, and outcomes of RME measures. When data was missing, authors were contacted (Holm et al., 2004; Markov et al., 2001 ). However, data was not subsequently provided.
Definitions
The classification of the athletes was based on the authors' report and by VO 2 max value according to Wilmore and Costill (2005) classification, although some studies did not report VO 2 max values. "Non-athletes" were defined as able-bodied people, with no injuries and without chronic disease that were not involved in sports at recreational or elite levels. RME tests were defined as follows: a) MVV is the volume of air expired during 12 or 15 s (Silva et al., 1998) ; b) MSVC is the maximal ventilation sustained while isocapnea maintained and the test duration is usually 8e15 min (Dias et al., 2013) ; c) Maximal sustainable threshold loading test is the submaximal threshold load sustained as long as possible or the maximal load endured for a finite amount of time (Dias et al., 2013; Mickleborough et al., 2010; Vogiatzis & Zakynthinos, 2012) whereby the subject begins at a low threshold load and the threshold load is increased every two or three minutes until the participant is no longer able to inspire against the load (ATS, 2002; McElvaney et al., 1989) .
Quality assessment
Methodological quality assessment was performed by two independent reviewers using the PEDro scale (HajGhanbari et al., 2013; Maher et al., 2003) . The PEDro scale consists of 11 items related to: eligibility criteria, random allocation, concealed allocation, presence of follow-up, baseline comparability, blinded subjects, blinded therapists, blinded assessors, intention to treat, analysis between groups, and both point and variability measures. The maximum score is 10 rather than 11 points because the first item (evaluates eligibility) relates to external validity and is excluded from the total score (Maher et al., 2003) . The study was considered to be of high quality if the PEDro score was higher than 5; moderate quality if the score was 5 or 4, and of low quality if the score was 3 or lower (Roig, Shadgan, & Reid, 2008) 
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. In addition to the PEDro scale, RME methodology was evaluated using a checklist based on ATS recommendations of procedural issues and device components for RME tests (ATS, 2002) .
Statistical analysis
The characteristics of the participants, RMT intervention, and RME tests were described with narrative and summary statistics. When data was available, meta-analyses were performed with Review Manager Version 5.2 (Copenhagen, The Nordic Cochrane Centre, The Cochrane Collaboration) in order to compare effect sizes of RMT on different RME tests in athletes and non-athletes. For these comparisons, subgroup analyses were performed on studies that utilized (a) MVV; (b) MSVC test; (c) maximal sustainable threshold loading test and (d) maximal incremental threshold loading test. A second set of meta-analyses were performed to compare effect sizes of each RME test with subgroup analyses according to different types of training: (a) threshold RMT; (b) isocapnic hyperpnea (IH) RMT; (c) targeted resistive RMT. Due to the variety of testing methods, pre-and post-training RME test means and standard deviations were normalized by converting values to percentages using baseline data as 100%. The comparisons groups used in meta-analyses were RMT groups versus control/sham groups. If a study had two groups that performed RMT that met the inclusion criteria, both groups were compared to the control/sham group(s) and listed separately in the metaanalyses (Enright & Unnithan, 2011; Verges, Renggli, et al., 2009; Wylegala et al., 2007) . (2015) The results were analyzed as a continuous outcome using a random effects model to calculate a weighted standardized mean difference and 95% confidence intervals (CI). A P value 0.05 was considered as statistically significant for an overall effect (Z value). Heterogeneity was investigated using the I-squared test and a P value 0.10 indicated statistical significance.
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Results
Study selection
The search strategy produced 6346 citations (Fig. 1) . Sixty-five citations were retrieved for full test screening; after review, 20 articles met the inclusion criteria. The main reasons for exclusions were: a) articles did not meet inclusion criteria such as age range, participants' characteristics or language of publication; b) articles were not RCTs; c) article summarized data from other articles; d) the methods did not include a RME test and; e) the results did not provide sufficient data from the RME test.
Quality assessment
The mean score of the PEDro scale for RCTs performed in athletes was 6 and ranged from 4 to 9, with the highest score obtained by Romer, McConnell, and Jones (2002) (Table 1 ). For studies with non-athletes, the mean score was 5.6 and ranged from 5 to 7, with the highest score achieved by Verges et al. (2008) (Table 1 ). The items most often not performed or omitted in reporting were: the allocation was not concealed (18 studies) and the lacking of blinding of participants (18 studies), investigators (19 studies), and assessors (18 studies).
Characteristics of participants
The characteristics of the participants are described in Table 2 . The total number of participants in the studies were 256 athletes and was 192 non-athletes. Athletes ranged in age from 18 to 34 years old and non-athletes ranged in age from 19 to 43 years. Nine studies included only men and 1 study included only women. The athletic level ranged from recreational athletes to elite athletes. Four studies that involved athletes did not report the VO 2 max values. Nine of 20 articles reported values of MIP at baseline.
Characteristics of interventions
The characteristics of the interventions including the training devices are presented in Table 3 . IH was the most common type of training among the studies (40% of reports). One study performed combined training (threshold combined with IH) in the RMT group and two studies performed threshold and IH RMT in separate groups while five studies used threshold training applied only during inspiration. Eight studies that performed IH training used custom devices. Except for 3 studies that did not report information concerning the training progression, all remaining studies included in analysis reported that the intensity of training gradually increased for the duration of the study. The duration of the training period ranged from 3 to 15 weeks. Eight articles described sets and repetitions for training, and 13 reports described a training time that ranged from 28 to 30 min per session. With the exception of 6 studies (4 studies with non-athletes), the others supervised all or some of the training sessions.
Characteristics of RME test technique
The characteristics of RME test techniques are described in Table 4 . Methodology varied considerably between the studies analyzed; however, the most commonly performed test was the MSVC (10 studies). MVV was performed in 5 studies, 1 study used a maximal incremental threshold loading test and 4 performed maximal sustainable threshold loading tests. Custom devices were used for all of the tests that evaluated the MSVC, maximal sustainable threshold loading and maximal incremental threshold loading. The studies that performed the MVV used a spirometer for test execution according to ATS Guidelines (ATS, 1995).
Meta-analyses
Meta-analyses examining the effects of RMT in athletes revealed improvements in RME in favor of the training group as shown by the overall effect in Fig. 2 (Z ¼ 3.39, P ¼ 0.0007) and a significant differences among tests (P ¼ 0.04); MSVC and the maximum sustainable threshold loading test demonstrated greater changes after RMT (Z ¼ 2.71, P ¼ 0.007; Z ¼ 2.93, P ¼ 0.003, respectively) compared to the MVV (Z ¼ 1.58, P ¼ 0.11). Of 5 studies that used both MVV and MSVC (Leddy et al., 2007; McMahon et al., 2002; Morgan et al., 1987; Sonetti et al., 2001; Wylegala et al., 2007) , three showed greater improvements in the longer duration test, the MSVC, compared to the MVV. In the study where the MSTL and the MVV were performed (Mickleborough et al., 2010) , again the longer maximum sustained threshold loading test showed greater improvement that the changes in the MVV test.
Meta-analysis demonstrated an overall improvement in RME after RMT compared to the control group in non-athletes ( Fig. 2 ; 1 ¼ eligibility criteria were specified; 2 ¼ subjects were randomly allocated to groups; 3 ¼ allocation was concealed; 4 ¼ the groups were similar at baseline regarding the most important prognostic indicators; 5 ¼ blinding of all subjects; 6 ¼ blinding of all therapists who administered the therapy; 7 ¼ blinding of all assessors who measured at least 1 key outcome; 8 ¼ measure of 1 key outcome were obtained from >85% of subjects initially allocated to groups; 9 ¼ all subjects for whom outcome measures were available received the treatment or control conditions as allocated or, where this was not the case, data from at least 1 key outcome was analyzed by "intention to treat"; 10 ¼ the results of between-group statistical comparisons are reported for at least 1 key outcome; 11 ¼ the study provide both point measures and measures of variability for at least 1 key outcome. 4   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Z ¼ 3.28, P ¼ 0.001) although subgroups were not significantly different (P ¼ 0.21). Among the tests, however, the MSVC and maximal sustainable threshold loading tests showed significant improvements in RME after RMT (Z ¼ 2.14, P ¼ 0.03 and Z ¼ 2.20, P ¼ 0.03, respectively) when compared with the MVV (P ¼ 0.29) and MITL (0.06) tests. Two studies (Markov, Orler, & Boutellier, 1996; Stuessi et al., 2001 ) performed both MSVC and MVV tests in their evaluations and the effect sizes of MSVC were greater compared to the MVV data (Fig. 2) .
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Forest plots in Fig. 3 showed the meta-analyses that examined the RME tests according to the type of RMT subgroups. Examination of the overall effect sizes, showed that MVV just met significance for all types of training (Z ¼ 1.94, P ¼ 0.05; mean and 95% CI: 0.31 [0.00, 0.62] whereas the overall effect sizes of MSVC and maximal sustainable threshold loading reached greater significance (Z ¼ 3.61, P ¼ 0.0003 and Z ¼ 3.20, P ¼ 0.001, respectively). None of the RMT subgroups reached significance for the MVV test (upper panel). In contrast, the type of training subgroup analysis for the MSVC test showed differences between the types of training (Z ¼ 3.61, P ¼ 0.0003). IH training showed significant effect sizes (Z ¼ 3.77, P ¼ 0.0002) whereas threshold training combined IH did not (Z ¼ 0.05, P ¼ 0.96).
Discussion
This systematic review, a synthesis of 20 articles and 448 participants, confirms that RMT improves RME in athletes and nonathletes. This improvement was demonstrated when RME was evaluated using longer tests such as the MSVC and maximal sustainable threshold loading tests in athletes and in non-athletes compared to the MVV test, which exhibited non-significant overall effects in these two groups of individuals. In addition, IH training induced greater improvements in RME compared with threshold training and target resistive training.
The overall quality of the included articles was good as shown by a mean PEDro score of 6, similar to that found by HajGhanbari et al. (2013) in their systematic review of RMT in athletes. Illi et al. (2012) performed quality assessment of studies examining the effects of RMT on exercise performance in healthy individuals, and their scores ranged between 2 and 7 out of 7 points. Most 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 studies (70%) were considered as "high quality" (Roig et al., 2008) in the present systematic review; however, the lack of blinding and concealed allocation detracted from the strength of their design. Our results are in agreement with the systematic review by HajGhanbari et al. (2013) who also demonstrated significant improvement in RME after RMT in athletes. However, the former systematic review did not differentiate between athletes and nonathletes. Nor did it scrutinize detailed comparisons among four RME tests. In contrast to systematic reviews, several studies did not show statistically significant changes of RME after RMT (Forbes et al., 2011; Keramidas et al., 2010; Romer et al., 2002; Sonetti et al., 2001 ). This discrepancy may be explained, in part, by the intensity of training which was lower when compared with other studies (Mickleborough et al., 2010; Mickleborough et al., 2008; Stuessi et al., 2001) , and by the ineffective training progression. Another consideration is that some studies had a small sample size (Gething et al., 2004; Suzuki et al., 1993) and thus, may have been underpowered to show a treatment effect.
The effects of RMT on RME were greater when it was assessed by tests of longer duration (MSVC and maximal sustainable threshold loading), as indicated by larger standardized mean differences (1.86 and 1.57, respectively) and smaller P values (0.005 and 0.001, respectively) compared to the standardized mean difference of 0.31 and smaller alpha level shown by the shorter duration MVV (0.05). This is further supported by examination of individual studies when only two of fifteen comparisons (Riganas et al., 2008; Suzuki et al., 1993) , showed significant improvements in MVV after RMT. These data provide solid evidence that the MSVC test is more sensitive than the MVV test for evaluation of RME in this population as per the ATS recommendations (ATS, 2002) . The shorter MVV may be less sensitive to RMT benefits because this 12e15 s ventilatory sprint does not tax similar metabolic and contractile protein demands to the cellular elements overloaded and show a positive adaptation during RMT.
The linkage between training and RME outcomes may be attributable to the specificity of training. IH training showed greater improvements in RME as evaluated by the MSVC than other types of training (threshold and target resistive training), which might be due to the high velocity, low load contractions required of both the MSVC testing and IH training. However, issues regarding the optimal RMT protocol remain equivocal. In addition, these gains were better demonstrated by the MSVC test when compared with the MVV test. Two studies (Morgan et al., 1987; Wylegala et al., 2007) that performed IH training did not show changes in the MVV test but showed significant improvements when using the MSVC test in the same studies. These data stress the importance of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 66 Fig. 3 . Forest plots of the RME outcomes with subgroup analyses of different types of training . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 careful selection of a RME test that matches the imposed recruitment demands of RMT and more importantly, corresponds to the requirements of the sport or physical activity that is limited.
In conclusion, this systematic review provides evidence that RMT improves RME in athletes and non-athletes. Matching the ventilatory requirements of the test to the specificity of the training is a key consideration to ensure a sensitive measure that reflects the greatest RME gains. In addition to test duration, muscle recruitment patterns appear to be key components to ensure a sensitive outcome. For example, the MSVC showed greater improvements after isocapnic hyperpnea RMT when compared with the gains after threshold RMT ). Other RME tests of longer duration, such as the maximal sustainable threshold loading and maximal incremental threshold loading, appear to be responsive measures to RMT but to a lesser extent than the MSVC test. An important clinical consideration is that the MSVC, although superior in healthy persons may not be optimal in patients with airflow limitation in whom the ability for maximal ventilation may be limited more so by airways obstruction rather than respiratory muscle performance. Of further note, the apparatus required for the MSVC is more elaborate and considerably more expensive than that required for threshold loading tests. In closing, MSVC is the recommended RME test in healthy persons based on the evidence from the meta-analyses of this systematic review. The maximal sustainable or incremental threshold loading tests, although more practical, are superior to the MVV but less responsive than the MSVC.
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